Summary Results
Introduction 1998).
Detailed analysis of the results of these two studies Associating speech sounds with mouth movements is indicated that the visual activations are stimulus spenatural and implicit. Nevertheless, we understand cific. In Study 1, visual effects were associated with speech unambiguously even in the absence of visual words but not vowels (Giraud et al., 2000) . Study 2 cominput, e.g., when on the telephone. Therefore, we norprised meaningless and meaningful, speech and nonmally do not depend on complementary visual informaspeech sounds. Visual responses were detected when tion for auditory comprehension. Though there is no environmental sounds were contrasted with matched participation of visual cortex in normal hearing, early noises, but not when words were contrasted with syllaauditory regions (AI/ We examined the influence of CI-auditory experience on visual cortical responses by a regression analysis that included all 18 CI patients. We identified brain regions where activity increased as a function of time from cochlear implantation. Side of implantation, number of active implant electrodes, and duration of deafness were modelled as confounds (a separate analysis of the effects of these variables revealed no significant effect in visual regions). As hypothesized, the time from implantation correlated with the response magnitude in early visual cortex (BA18). Correlation was also found in the left superior temporal cortex encompassing the transverse temporal gyrus (BA 41/42/22) and right superior parietal cortex (16-56 76, Z ϭ 7.71). To avoid possible confounds arising from pooling data, we analyzed the data from Study 2 alone in which a range of 1-3 years from implantation was covered. The evolution of stimulus-specific visual cortical activation over time is shown in Figure 3 . A progressive distinction between meaningful sounds and noises in the 3 years after implantation was confirmed (stimulus by time interaction, p Ͻ 0.001 between 1 and 3 years). Data from another patient sample (Study 3) in the first week after implantation confirm a weaker and less specific visual cortical response in the earliest stages of cochlear implant use (Figure 3) . In an independent sample of 20 CI patients from our of six English CI patients very soon after implantation (in clinical database, we observed an improvement of perthe first week following implant switch-on). In this group formance in both speech and lipreading (r ϭ 0.71, p Ͻ of naïve patients, activations for words relative to noises 0.001) comprehension in the years following implantawere also detected in the calcarine cortex (p Ͻ 0.001) tion. This suggested that restoration of hearing is foland the lingual gyrus (p Ͻ 0.05). A conjunction analysis lowed by a mutual reinforcement of hearing by vision across all three studies, pooling trained and naïve users and vision by hearing. As the ability to make use of (n ϭ 36, 18 CI against 18 controls), revealed a common lipreading cues was also found to increase among the activation in V1/V2 (BA17/18) ( Figure 2B ) (Sereno et al., subjects of Studies 1 and 2, even in the presence of 1995; DeYoe et al., 1996). Some stimulus specificity (a extremely good speech comprehension (Figure 1 ), we response to words but not to noises) in visual activation tested for a relation between lipreading performance was detectable several days after implantation, but the and variation of blood flow in visual cortex, using the effect was less marked and less consistent in naïve data acquired in conditions with words and syllables. (three out of six) than in rehabilitated patients (10 out We found a positive correlation (r ϭ 0.851, p Ͻ 0.000) of 12) (see Figure 2C ). This result suggests that stimulusshowing that subjects with the highest lipreading scores specific visual activations are not due to plasticity were also those with the strongest response in visual caused by deafness per se, but evolve in parallel to cortex when listening to speech sounds ( Figure 3D ). functional specificity during hearing with a cochlear im-A final experiment (Study 4) addressed our concern that intergroup variability may have affected our results. plant. 
, 1998). patients participating in Study 3 by repeated measurements a year later. Repetition of words and syllables
In both situations, the auditory stimulation is insufficient for easy speech comprehension and is compensated and naming were assessed on each occasion. Behavioral and imaging data are displayed in Figure 4 . Word by the processing of complementary information from another sensory modality. As a consequence of such and syllable repetition improved by 20%-40%. There was no significant improvement of environmental sound cross-modal cooperativity during audiovisual stimulation, early and predominantly unimodal sensory regions recognition, so we restricted our analysis of training effects to speech sounds. In contrast to results in the become activated even in the absence of an appropriate modality-specific stimulus. This phenomenon probably group of naïve users with word tasks only (Figure 2 ), no visual response was initially detected in this subsample results from the automatic expectancy of (concomitant) complementary cues in the modality these areas usually of three patients when speech was contrasted with matched noises (Figure 4 ). But since we considered only subserve. Normal-hearing subjects can understand speech clearly without resorting to visual cues. In this regions activated in all three subjects, this discrepancy with group results is consistent with the inability of one case, cross-modal binding is not necessary and automatic expectancy of (and demand for) complementary of these three patients to distinguish speech from noise at such an early stage. However, a year later, the left stimuli is low. Thus, although we observed visual cortical activations in control subjects, they were significantly calcarine region (BA17/18) showed a response associated with speech in all three patients. No response to weaker than in CI patients under identical task conditions. environmental sounds was detected at any stage, which is consistent with behavioral data showing almost no The explanation of cross-modal effects as expectancy for complementary stimuli fits with the findings of McInimprovement of environmental sound recognition (Figure 4) . This study confirms the stimulus specificity of tosh et al. (1998). They observed similarly located activation in early visual cortex (B18, V2) in response to pure the speech-associated visual cortical response. tones, after subjects had been trained to make specific audiovisual associations, i.e., learned that tones sigDiscussion naled visual events. The interpretation was that after such learning, presentation of one stimulus alone raised We provide convergent evidence from four functional neuroimaging experiments that CI patients recruit visual the expectancy of the other and thus engaged the nonstimulated modality (McIntosh et al., 1998). Our results cortex when listening to sounds. In detail, our findings are that (1) they do so more than control subjects, (2) also confirm another of their findings, namely an increasing correlation between global activity in auditory (BA activation increases the longer they use an implant, and (3) they do so in a progressively stimulus-specific way.
41/42) and visual (V2/BA18) regions during audiovisual learning. In CI users, the sounds the brain receives from How are these findings to be explained?
Visual cortex activation during a purely auditory task an implant are novel and degraded; this forces a period of postimplantation learning to achieve a match becan be viewed as analogous to the recruitment of auditory cortex observed in normal subjects during silent tween sounds and their visual sources. 
ence, as proposed by McIntosh et al. (1998). The inimplantation was formerly observed in prelingually deaf crease and specialization of visual cortical responses patients (Tyler et al., 1997a). This suggests that cochlear parallel the changes observed in auditory association implantation produces a mutual reinforcement of hearcortex (BA22). Anatomical and functional data in cats,
ing and related visual processes. In other words, the monkeys, and humans suggest that the specificity of benefit in language comprehension from cochlear imthe visual cortical response to sounds is cued by their plantation spills over into the processing of associated prior categorisation probably achieved in auditory assovisual information. Together, these data in the adult huciation cortex. This functional mechanism could be anaman brain speak to the plasticity of the integrative ceretomically implemented via direct and indirect auditorybral mechanisms that may form the substrate or mechato-visual cross-modal connections (McIntosh et al. 
